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Circadian rhythms are intimately linked to cellular
metabolism. Specifically, the NAD+-dependent de-
acetylase SIRT1, the founding member of the sir-
tuin family, contributes to clock function. Whereas
SIRT1 exhibits diversity in deacetylation targets
and subcellular localization, SIRT6 is the only consti-
tutively chromatin-associated sirtuin and is promi-
nently present at transcriptionally active genomic
loci. Comparison of the hepatic circadian transcrip-
tomes reveals that SIRT6 and SIRT1 separately con-
trol transcriptional specificity and therefore define
distinctly partitioned classes of circadian genes.
SIRT6 interacts with CLOCK:BMAL1 and, differently
from SIRT1, governs their chromatin recruitment to
circadian gene promoters. Moreover, SIRT6 controls
circadian chromatin recruitment of SREBP-1, result-
ing in the cyclic regulation of genes implicated in fatty
acid and cholesterol metabolism. This mechanism
parallels a phenotypic disruption in fatty acid meta-
bolism in SIRT6 null mice as revealed by circadian
metabolome analyses. Thus, genomic partitioning
by two independent sirtuins contributes to differen-
tial control of circadian metabolism.INTRODUCTION
The circadian clock regulates a host of physiological events
required for energy balance (Feng and Lazar, 2012; Sahar and
Sassone-Corsi, 2012; Wijnen and Young, 2006). These events
provide remarkable plasticity for the organism to adapt to sur-rounding environmental changes, especially given the dynamic
input of cellular metabolism on chromatin modifications (Gut
and Verdin, 2013; Katada et al., 2012). A functional link between
the circadian clock and cellular metabolism was revealed by re-
ports implicating the SIRT1 deacetylase in clock function (Asher
et al., 2008; Chang and Guarente, 2013; Nakahata et al., 2008).
Mammalian sirtuins constitute a family of seven NAD+-depen-
dent deacetylases (SIRT1–7) that vary in potency of enzymatic
activity and protein targets (Chang and Guarente, 2014; Hall
et al., 2013; Houtkooper et al., 2012). The subcellular localization
of the sirtuins varies from cytoplasm, mitochondria, nucleus, and
nucleolus (Finkel et al., 2009).
Of the sirtuins, SIRT6 is unique in its constitutive localization to
chromatin (Mostoslavsky et al., 2006; Tennen et al., 2010), and
its genome-wide occupancy is prominent at transcriptional start
sites (TSSs) of active genomic loci, which coincides to serine 5
phosphorylated RNA polymerase II binding sites (Ram et al.,
2011). SIRT6 has also been reported to be dynamic in its chro-
matin binding in response to stimuli such as TNFa, resulting in
altering the transcriptional landscape of aging and stress-related
genes (Kawahara et al., 2011). SIRT6 deacetylates H3 lysine 9
(H3K9) (Kawahara et al., 2009; Michishita et al., 2008) and
H3K56 (Michishita et al., 2009; Toiber et al., 2013; Yang et al.,
2009), resulting in modulation of gene expression, telomere
maintenance, and genomic stability (Tennen and Chua, 2011),
and the histone deacetylase (HDAC) activity of SIRT6 has been
found to be nucleosome dependent (Gil et al., 2013). Importantly,
SIRT6 is also heavily implicated in metabolic regulation, as
Sirt6/ mice die at 2–4 weeks of age due to severe accelerated
aging and hypoglycemia as a result of altered rates of glycolysis,
glucose uptake, and mitochondrial respiration (Mostoslavsky
et al., 2006; Xiao et al., 2010; Zhong et al., 2010). SIRT6 also
controls the acetylation state of PGC-1a in a GCN5-dependent
manner that regulates blood glucose levels (Dominy et al.,
2012). Liver-specific Sirt6/ mice develop fatty liver due toCell 158, 659–672, July 31, 2014 ª2014 Elsevier Inc. 659
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altered expression of genes involved in fatty acid beta oxidation
and triglyceride synthesis (Kim et al., 2010).
The circadian transcriptome is thought to comprise at least
10% of all transcripts in a given tissue, though genes can gain
rhythmicity depending on a tissue-specific permissive environ-
ment (Masri and Sassone-Corsi, 2010). Moreover, the potential
for a specificgene tobecomecircadianmaybe related tochanges
in the metabolic, nutritional, and epigenetic state (Eckel-Mahan
et al., 2013). A number of studies have revealed the role of chro-
matin remodeling in providing permissive genomic organization
for circadian transcription (Belden et al., 2011; DiTacchio et al.,
2011; Doi et al., 2006; Duong et al., 2011; Etchegaray et al.,
2003; Katada and Sassone-Corsi, 2010; Koike et al., 2012; Rip-
perger and Schibler, 2006). We report that SIRT6 defines the
circadian oscillation of a distinct group of hepatic genes, different
from the ones under SIRT1 control. This partitioning of the circa-
dian genome is achieved by controlling the recruitment to chro-
matin of the core circadian activators CLOCK:BMAL1, as well
as SREBP-1. The sirtuin-dependent partitioning of circadian tran-
scription leads to differential control of hepatic lipid metabolism
related to fatty acid-dependent pathways.
RESULTS
Partitioning of the Circadian Transcriptome by SIRT6
and SIRT1 in Exclusive Subdomains
Given the unique ability of SIRT6 to function as an HDAC (Kawa-
hara et al., 2009; Michishita et al., 2008) and transcriptional facil-
itator at chromatin (Kawahara et al., 2011; Ram et al., 2011), we
investigated its role in controlling hepatic circadian gene expres-
sion and metabolism. DNA microarrays were used to delineate
the control of SIRT6 versus SIRT1 on the circadian genome. To
do so, we used mice with liver-specific ablation of either Sirt1
or Sirt6 genes and their corresponding wild-type (WT) litter-
mates. Livers were harvested every 4 hr over the circadian cycle,
representing zeitgeber times (ZT) 0, 4, 8, 12, 16, and 20. Groups
of genes were selected based on the following criteria: group 1
represents genes that oscillate in WT (SIRT6) liver and whose
oscillation is dampened/disrupted in SIRT6 knockout (KO)
mice. Group 2 represents genes that oscillate in SIRT6 KO, but
not in their corresponding WT littermates. Group 3 represents
genes that oscillate in WT (SIRT1) liver and whose oscillation is
dampened/disrupted in SIRT1 KO mice (SIRT1 KO). Group 4
respresents genes that oscillate in SIRT1 KO, but not in their cor-
responding WT littermates. The group referred to as ‘‘both’’ in-
cludes genes that oscillate similarly in both WT and KO groups
for either SIRT6 or SIRT1 data sets. Oscillating genes were
selected based on a 0.01 p value cutoff. A comparison of both
WT strains can be found in Figure S1 (available online). Of theFigure 1. The SIRT6 and SIRT1 Circadian Transcriptomes
(A andB) DNAmicroarray analysis was performed usingmouse liver total RNA from
p value < 0.01 are displayed as heat maps for WT and SIRT6 KO livers (A) andWT
WT (groups 1 and 3) with dampened or flat gene expression in SIRT6 KO (group
robust circadian expression when the sirtuins are disrupted. Pie charts indicate
Biological function analysis was performed using DAVID. GO terms for molecula
(C and D) Top ten GO terms, based on a 0.01 p value cutoff, are shown for the S
different pie slices indicate how many times that GO term was found in the fourSIRT6 transcriptome, 691 genes were identified in the WT group
1, with 779 genes oscillating more robustly in the SIRT6 KO
group 2 and 506 genes oscillating similarly in both groups (Fig-
ure 1A). Using the same criteria for the SIRT1 transcriptome,
703 genes oscillate in the WT group 3, with 1,126 genes oscil-
lating with greater amplitude in the SIRT1 KO group 4 and
1,091 genes oscillating similarly in both groups (Figure 1B).
This analysis revealed that, of the 1,976 rhythmic genes identi-
fied in the SIRT6 transcriptome, the expression profile of 1,470
genes was altered by SIRT6 disruption (74%). In addition, of
the 2,920 oscillating genes identified in the SIRT1 experiment,
1,829 genes were changed by SIRT1 disruption (63%). Thus,
SIRT6, in addition to SIRT1, significantly regulates the expres-
sion of clock-controlled genes (CCGs).
Gene ontology (GO) analysis of genes with altered circadian
oscillation in SIRT6 versus SIRT1 transcriptomes revealed some
striking differences (Figures 1C, 1D, andS2). Themost highly rep-
resented biological processes are transcription, transcriptional
regulation, and nuclear processes, enriched in both WT liver
groups and SIRT1 KO livers but completely absent from the
SIRT6 KO livers. In addition to transcription, enrichment in mito-
chondrial and intracellular non-membrane-bound organelle (GO
term describing ribosomes, cytoskeleton, and chromosomes)
was highly enriched. The SIRT6 KO group shared little homology
with WT or SIRT1 KO groups in significantly selected biological
pathways. GO terms enriched in SIRT6 KOwere endoplasmic re-
ticulum, Golgi apparatus, protein localization/catabolism, RNA
processing, and translation (Figure 1C). GO biological pathway
analysis highlighted unique classes of genes represented exclu-
sively in the SIRT6 KO group, indicating that disruption of hepatic
SIRT6 results in altered circadian biological function.
Next, we focused on understanding how these two sirtuins
differentially regulate distinct classes of circadian genes. Impor-
tantly, there is little overlap between the groups of SIRT1-
and SIRT6-dependent circadian genes (160 common genes)
(Figure 2A). These are mostly implicated in cytoplasmic and
mitochondrial pathways and are linked to metabolic processes
and stress response, as described by GO biological pathway
analysis (Figure 2A). Thus, SIRT6 and SIRT1 regulate distinct
biological classes of circadian genes. For a detailed view of
these genes controlled by SIRT6 or SIRT1, refer to CircadiOmics
(http://circadiomics.igb.uci.edu) (Patel et al., 2012). Analysis of
the circadian phase of gene expression reveals a peak in phase
of the genes oscillating in SIRT6 KO mice at ZT 16 and ZT20,
differently from the genes significantly expressed in SIRT1 KO
mice peaking at ZT 4 and ZT8 (Figure 2B).
Circadian expression was confirmed for distinct classes of
genes based on their rhythmic profile: (1) genes whose expres-
sion profile is unaltered between WT versus SIRT6 KO andZT 0, 4, 8, 12, 16, and 20. Using JTK_cycle, genes selected to be circadian at a
and SIRT1 KO livers (B). Heat maps on the left side show genes that oscillate in
2) or SIRT1 KO (group 4). Heat maps on the right side display genes with more
actual numbers of circadian genes for the SIRT6 and SIRT1 transcriptomes.
r function, biological process, and cellular component were used.
IRT6 transcriptome (C) and the SIRT1 transcriptome (D). Numbers bordering
pie charts shown.
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SIRT1 KO. Briefly, these genes are involved in transcription and
regulation of rhythmic processes, as the bulk of core clock genes
are generally resistant to change in expression (Figure S2). (2)
Genes whose circadian expression is similarly regulated
by SIRT6 and SIRT1. Examples include Nephronectin (Npnt),
encoding an extracellular matrix protein, which oscillates in WT
liver and is dampened similarly in both SIRT6 KO and SIRT1
KO mice (Figure 2C). Conversely, circadian expression of Dbp
is equally increased in amplitude at ZT 8 in both SIRT6 KO and
SIRT1 KO animals (Figure 2D). These genes, although respond-
ing in opposite manner to the ablation of either sirtuin, belong to
the same class of genes similarly regulated by both sirtuins. (3)
Genes whose amplitude in oscillation is more robust when either
SIRT6 or SIRT1 is ablated. For example, fatty acid synthase
(Fasn), 3-hydroxy-3-methyl-glutaryl-CoA reductase (Hmgcr),
and lanosterol synthase (Lss) were uniquely regulated by
SIRT6, as the amplitude of circadian oscillation was enhanced
in SIRT6 KO (Figure 2E). The circadian profiles of these genes
were unaltered in SIRT1 KO, as compared to WT (Figure S3A).
Conversely, genes with enhanced circadian amplitude exclu-
sively in SIRT1 KO, including regulator of G protein signaling
16 (Rgs16), serine dehydratase (Sds), and methylenetetrahydro-
folate dehydrogenase 1-like (Mthfd1l), are shown (Figure 2F).
The profiles of Rgs16, Sds, and Mthfd1l genes are not altered
in amplitude between WT and SIRT6 KO mice (Figure S3B).
Also, the expression of Sirt6 and Sirt1 is not altered in the
SIRT1 KO and SIRT6 KO livers, respectively (Figure S3C).
Thus, control of circadian gene expression by SIRT6 and
SIRT1 appears to define unique subdomains of oscillating
CCGs that are involved in distinct biological functions.
SIRT6 Interacts with CLOCK:BMAL1 and Controls Their
Chromatin Recruitment
Because SIRT6 is reported to localize to actively transcribed
genomic loci (Ram et al., 2011), we sought to decipher the mo-
lecular mechanism by which SIRT6 controls circadian transcrip-
tion. Fractionated liver extracts that lack SIRT6 result in a drastic
increase in BMAL1 association to chromatin, though the total
amount of nucleoplasmic BMAL1 was unaltered (Figures 3A
and S4). Also, Bmal1 circadian expression is not altered in
SIRT6 KO or SIRT1 KO, as compared to WT liver (Figure S3D).
Because BMAL1 association at chromatin is enhanced in the
absence of SIRT6, we analyzed promoter-specific recruitment
of the circadian machinery. Chromatin immunoprecipitation
(ChIP) analysis was performed to understand whether recruit-Figure 2. Comparison of SIRT6 and SIRT1-Dependent Circadian Gene
(A) Venn diagram displays genes with common circadian expression profiles in S
enriched in the 160 common genes similarly regulated by SIRT6 and SIRT1. Top
were selected based on a 0.01 p value cutoff using DAVID.
(B) Relative phase of expression of significant genes (p value < 0.01) from SIRT6 a
ZTs is shown relative to WT.
(C) Gene expression profiles of Npnt in WT and SIRT6 KO or SIRT1 KO mouse live
three to five independent livers at indicated ZTs.
(D) Gene expression, based on real-time PCR, for Dbp in WT and SIRT6/SIRT1 d
(E) Expression profiles for Fasn, Hmgcr, and Lss genes with increased circadian
(F) Expression of genes oscillating more robustly only in SIRT1 KO livers versusW
to 18S rRNA expression. Error bars indicate SEM. Significance was calculated us
0.001, respectively. Primer sequences used for gene expression analysis are in Tment of the circadian machinery was altered in the absence of
SIRT6 or SIRT1, which would therefore contribute to altered
CCG expression observed in our microarray analysis. Circadian
BMAL1 recruitment to the Rgs16 andMthfd1l promoters is unal-
tered in the absence of SIRT1 (Figures 3B and 3C), despite the
increased amplitude in gene expression in SIRT1 KO (Figure 2F).
Schematic representation of the promoter, as well as selective
recruitment of BMAL1 to different putative E boxes in the
Rgs16 andMthfd1l promoters, is shown in Figure S5, illustrating
that BMAL1 recruitment is virtually identical in WT and SIRT1 KO
livers. In addition to Rgs16 and Mthfd1l, BMAL1 recruitment is
also unaltered at Dbp and Per1 promoters in WT versus SIRT1
KO, despite the significant changes in circadian gene expression
(Figure S6). In contrast, lack of SIRT6 results in a significant in-
crease in circadian BMAL1 occupancy (ZT 4 and ZT 8) at the
Dbp promoter (Figure 3D). A detailed schematic of the Dbp pro-
moter illustrating select sites of circadian BMAL1 recruitment, as
well as Dbp expression profile, is shown (Figure 3D). Also, an in-
crease in Ac-H3K9 across all time points is seen (Figure 3E).
Additional data show altered BMAL1 recruitment to Per1 and
Amd1 promoters in the absence of SIRT6 (Figure S7). To further
address the effect of SIRT6, we used a Dbp-luciferase reporter
and found that ectopic expression of SIRT6 results in dose-
dependent dampening of CLOCK:BMAL1-driven transcription
(Figure 3F), similar to results with SIRT1 (Bellet et al., 2013).
Thus, differently from SIRT1, SIRT6 controls circadian function
by operating directly at the transcription level by recruiting the
clock machinery to chromatin.
Moreover, we sought to confirm that SIRT6 interacts with the
circadian transcription complex. SIRT6 physically interacts with
CLOCK and BMAL1, individually or together, as shown by coim-
munoprecipitation (co-IP) (Figures 4A and 4B). Also, SIRT6 does
not interact directly with SIRT1 by co-IP (Figure 4B). Further-
more, when CLOCK and BMAL1 are ectopically expressed
with SIRT6 alone or in combination with both SIRT6 and
SIRT1, the SIRT6 IP complex only interacts with CLOCK and
BMAL1 and not SIRT1 (Figure 4C). Furthermore, by fractionating
WTmouse liver, we reveal that subcellular localization of SIRT6 is
predominantly in the nucleus and constitutively at chromatin at
all ZTs, whereas SIRT1 is nuclear, but not chromatin bound (Fig-
ure 4D) (Mostoslavsky et al., 2006; Tennen et al., 2010). Likewise,
co-IP experiments from chromatin fractions of HEK293 cells
confirmed that SIRT1 does not reside at chromatin (Figure 4E).
Also, the SIRT6-dependent interaction with CLOCK and
BMAL1 is found at chromatin (Figure 4E). In addition, sequentialExpression
IRT6 KO and SIRT1 KO microarray data sets. Right panel illustrates GO terms
ten GO terms (molecular function, biological process, and cellular component)
nd SIRT1 microarray data. Phase of SIRT6 KO or SIRT1 KO genes at indicated
r based on quantitative real-time PCR analysis. Total RNA was extracted from
isrupted livers.
amplitude exclusively in SIRT6 KO versus WT.
T, including Rgs16, Sds, andMthfd1l. Gene expression was normalized relative
ing Student’s t test and *, **, and *** indicate p value cutoffs of 0.05, 0.01, and
able S2.
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Figure 3. SIRT6 Regulates the Circadian Transcriptional Machinery
(A) Western analysis of fractionated liver (nucleoplasm and chromatin-enriched fractions) at indicated ZTs.
(B and C) ChIP analysis in WT and SIRT1 KO livers at indicated ZTs using n = 3 independent livers per genotype and time point. Left panels display gene
expression profile, and right panels display BMAL1 recruitment to Rgs16 and Mthfd1l gene promoters by ChIP, as compared to rabbit IgG negative control.
(legend continued on next page)
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co-IP experiments were performed to pull down the SIRT6- and
SIRT1-dependent clock complexes from the same HEK293 cell
lysates. Primary IP against Flag-SIRT1 revealed an interaction
with CLOCK, and a secondary IP with HA-SIRT6 also revealed
an interaction with CLOCK (Figure 4F), which is in keeping with
evidence showing that these two sirtuins independently interact
with the clock machinery. Lastly, SIRT1 has been shown to de-
acetylate BMAL1 at lysine 537 (Hirayama et al., 2007; Nakahata
et al., 2008). Whereas SIRT1 readily deacetylates BMAL1, SIRT6
is not able to do so (Figure 4G), highlighting different mecha-
nisms of action of these two sirtuins that reside in partitioned
subcellular clock complexes.
SIRT6 Controls SREBP-1-Dependent
Circadian Transcription
Based on circadian gene expression profiles altered in SIRT6
KO liver, a number of genes were found to be SREBP targets
such as Fasn, Hmgcr, and Lss (Figure 2D). MotifMap (Daily
et al., 2011; Xie et al., 2009) was used to determine global tran-
scription factor binding site enrichment in promoters with altered
expression profiles when SIRT6 was disrupted. SREBP binding
sites are highly enriched (137 sites) compared to serum
response factor (SRF), peroxisome proliferator-activated recep-
tor gamma (PPARg), forkhead box (FOXO), or E26 transforma-
tion-specific (ETS) family motifs (Figure 5A). Next, genes whose
expression is disrupted by loss of SIRT6 were compared to pub-
lished ChIP-sequencing data (Seo et al., 2009, 2011) to deter-
mine the extent of SREBP-1 and SREBP-2 gene targets that
overlap with SIRT6. In addition to the genes already mentioned,
other SREBP targets appear disrupted in SIRT6 KO, including
fatty acid elongase family members (Elovl), low-density lipopro-
tein receptor (Ldlr), and acetoacetyl-CoA synthetase (Aacs)
genes (which are also represented in MotifMap SREBP hits).
As a role for SIRT1 in SREBP signaling cannot be excluded,
we compared SREBP-1 target genes (Seo et al., 2009) to
SIRT6- and SIRT1-dependent gene targets (Table S1). Interest-
ingly, overlapping genes between SIRT6/SREBP-1 targets were
enriched in GO terms for fatty acid and lipid metabolism,
whereas SIRT1/SREBP-1 overlapping targets were enriched in
lipid and steroid metabolism (Figure 5A), suggesting a partition
in biological function in SIRT1- or SIRT6-specific control of
SREBP.
As there are no significant changes in SREBP-1c circadian
transcript and protein levels in SIRT6 KO livers (Figure 5B), we
carried out ChIP experiments. Strikingly, SREBP-1 circadian
recruitment to the Fasn promoter, a known SREBP-responsive
gene (Seo et al., 2009), is significantly increased in the absence
of SIRT6, as compared to WT (Figure 5C). The increase is prom-
inent at ZT 4, thereby preceding the peak of Fasn transcription at(D) BMAL1 ChIP analysis in WT and SIRT6 KO liver to the Dbp promoter and Intro
and red arrows indicate locations of real-time PCRprimers used for ChIP. Number
on the right. BMAL1 ChIP data illustrate recruitment to the Dbp promoter, Intron
(E) AcH3 ChIP data at the Dbp Promoter in WT and SIRT6 KO livers at indicated
(F) Luciferase assays were performed in JEG3 and HEK293 cells by ectopically ex
of CLOCK and BMAL1 expression plasmids were expressed with increasing amo
data, significance was calculated using Student’s t test and *, **, and *** indicate p
gene expression and ChIP analysis are listed in Tables S2 and S3.ZT 16, a scenario in keeping with accumulated evidence, espe-
cially in a circadian context (Koike et al., 2012; Rey et al., 2011). A
schematic of the Fasn promoter illustrating selective SREBP-1
recruitment to the TSS versus negative control regions, as well
as recruitment to the Hmgcr and Lss promoters, is shown (Fig-
ures 5C and S8). Also, an increase in Ac-H3K9 levels is present
at the Fasn promoter across most ZTs (Figure 5C). Based on this
evidence, it is expected that SREBP-1c contributes to Fasn
circadian gene expression. To confirm this, we used livers from
WT and SREBP-1c KO mice (Seo et al., 2009) at ZT 4 and ZT
16 and observed a significant dampening of Fasn circadian
expression in SREBP-1c KO livers, whereas Dbp and Rev-
Erba circadian expression remains unaltered (Figure 5D). Thus,
SIRT6 appears to define a class of genes whose amplitude in
oscillation is directed by SREBP-1c. To functionally explore
the effects of SIRT6 on SREBP-1c-mediated transcription, we
used a luciferase reporter with either a full-length Fasn promoter
(containing the previously described binding site of SREBP-1,
referred to as Fas-Luc 1594/+65) (Bennett et al., 1995) or a
mutant that disrupts SREBP-1 binding (Fas-Luc 65 MT) (Jo-
seph et al., 2002). Coexpression with SREBP-1c showed robust
Fasn promoter activation that is strongly repressed by increasing
amounts of SIRT6 (Figure 5E). Importantly, the Fas-Luc 65 MT
reporter is not sensitive to SIRT6-mediated repression. The ef-
fect is specific, as SIRT1 is not able to repress SREBP-1c-driven
activation of Fasn (Figure 5E). Thus, SIRT6 is implicated in regu-
lating proper SREBP-1c chromatin recruitment, resulting in
circadian transcription of its target genes.
Sirtuin-Dependent Genomic Partitioning Results in
Differential Circadian Metabolic Phenotypes
Metabolomics analysis was used to determine in an unbiased
manner the physiological consequences of SIRT6 or SIRT1
disruption along the hepatic circadian cycle. Heat maps highlight
oscillating metabolites (JTK_cycle p value < 0.05) in WT livers
that were disrupted in SIRT6 KO (left) and metabolites that
oscillated more robustly in SIRT6 KO livers, as compared to
WT (right) (Figure 6A). In total, 77 metabolites displayed a
genotype-dependent effect in the SIRT6 metabolome, and 142
metabolitesweredependent on circadian rhythmicity (Figure 6A).
We also compared the metabolome profile obtained from the
SIRT6 KO mice to livers from SIRT1 KO animals (Figure 6B).
Heatmaps illustrate themetabolomics data for SIRT1, with oscil-
lating metabolites only in WT livers (left) and those found to oscil-
late robustly in SIRT1 KO (right). In the SIRT1 metabolome, 42
metabolites displayed a genotype effect, whereas 199 show a
time-of-day-dependent effect. In total, 85 metabolites robustly
oscillate exclusively in SIRT6 KO, and 57 metabolites display
strong rhythmicity in SIRT1 KO livers.n 1. Schematic of the Dbp promoter: blue boxes illustrate locations of E boxes,
s shown above E boxes indicate locations relative to the TSS.Dbp expression is
I, and 30 UTR regions.
ZTs.
pressing CLOCK, BMAL1, and SIRT6 with aDbp luciferase reporter. 50–100 ng
unts of SIRT6 (2–50 ng). Error bars indicate SEM. For real-time PCR and ChIP
value cutoffs of 0.05, 0.01, and 0.001, respectively. Primer sequences used for
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Figure 4. SIRT6, CLOCK, and BMAL1 Interact in an Exclusive Complex from SIRT1
(A and B) Co-IP experiments were performed in HEK293 cells by ectopically expressing myc-CLOCK, myc-BMAL1, flag-SIRT6, and myc-SIRT1. IP was per-
formed with either anti-myc antibody or Flag-M2 agarose beads overnight, as indicated. Western was performed with anti-myc and anti-flag antibodies as
indicated.
(C) myc-CLOCK and myc-BMAL1 were ectopically expressed in HEK293 cells with flag-SIRT6 alone or flag-SIRT6 + myc-SIRT1. Whole-cell extracts (WCEs)
were used for Flag IP.
(D) WT liver was fractionated at the indicated ZTs, and nucleoplasmic and chromatin fractions were probed for endogenous SIRT6 and SIRT1 protein expression.
(E) myc-CLOCK and myc-BMAL1 were ectopically expressed in HEK293 cells with flag-SIRT6 alone or flag-SIRT6 + myc-SIRT1. Cells were fractionated and
chromatin fraction was used for Flag IP.
(F) Sequential IPs were performed from HEK293 cells ectopically expressing HA-SIRT6, Flag-SIRT1, and myc-CLOCK. Primary IP was performed with Flag
(SIRT1), and secondary IP from the same lysates was done with HA (SIRT6) to reveal myc-CLOCK interaction.
(G) BMAL1 acetylation assay was performed in HEK293 cells with ectopic expression of myc-CLOCK, myc-BMAL1, Flag-SIRT6, and Flag-SIRT1 (WT and
catalytic mutant). IP was performed with anti-myc and Western with anti-Ac BMAL1 antibody.
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Figure 5. SIRT6 Modulates SREBP-Mediated Circadian Transcription
(A)MotifMap analysis of transcription factor binding sites enriched in gene promoters with altered expression when SIRT6 is disrupted (p value cutoff of 0.01 using
JTK_cycle) (top). Search criteria were limited to 1 kb upstream of the TSS, with an FDR cutoff of 0.2 and a BBLS score of 0. Bottom displays overlapping SREBP1
target genes with SIRT6 and SIRT1-dependent genes. Genes are grouped in biological function by GO terms indicated.
(B) Gene expression as determined by real-time PCR and protein expression by western of Srebp-1c in WT and SIRT6 KO nuclear extracts.
(C) ChIP analysis on the Fasn promoter in WT and SIRT6 KO livers. Schematic of the Fasn promoter, with SRE-1 (green box) and E box (blue box) sites indicated.
Right panel indicates Fasn gene expression, and bottom panel displays SREBP1 recruitment to the Fasn promoter and 30 UTR by ChIP. AcH3 levels as
determined by ChIP analysis at the Fasn promoter are shown.
(legend continued on next page)
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Metabolites were grouped into biological functional categories
(peptides, cofactors and vitamins, lipids, nucleotides, amino
acids, and carbohydrates) to determine where significant
changes occurred in the livers from SIRT6 KO and SIRT1 KO
mice versus their WT littermates. The most robust change was
seen in lipid-related metabolites in SIRT6 KO livers (Figure 6C).
These lipids were heavily related to fatty acid metabolism,
including circadian disruption of fatty acid synthesis (medium
and long-chain fatty acids), storage, cellular membrane lipids,
and signaling. Using SIRT6 microarray data, genes were run
through DAVID to identify possible altered gene expression pro-
files that match in GO biological function with the metabolomics
data set. A strong correlation in GObiological functionwas found
(Figure 6D), comparing the high-throughput metabolome and
transcriptome data when SIRT6 is disrupted (for detailed anal-
ysis consult CircadiOmics: http://circadiomics.igb.uci.edu [Patel
et al., 2012]).
A group of lipids that displayed a strikingly enhanced circadian
oscillation with a peak at ZT 16wasmembrane lysolipids that are
related to cellular synthesis or degradation. Also, genes encod-
ing phospholipases related to lipid signaling displayed altered
expression profiles with a paralleled change in eicosanoid
metabolite rhythms in response to SIRT6 disruption, indicating
that signaling/inflammatory events are SIRT6 regulated. As an
example, genes of the phospholipase A2 family (Pla2g2a and
Pla2g12a) gained circadian oscillation in the absence of SIRT6,
which corresponded with circadian upregulation of downstream
15-HETE levels. In addition to Fasn, fatty acid elongases and
fatty acid transporters were significantly altered in response to
SIRT6 disruption. Both carnitine and acetylcarnitine, which are
important for beta oxidation of fatty acids in the mitochondria,
gain circadian oscillation and peak at ZT16 in the SIRT6 KO
livers. Although synthesis and breakdown of fatty acid path-
ways are related to SIRT6, storage of fatty acids into triglycerides
was also altered as evidenced by a gain in oscillation of Agpat6
and glycerol-3-phosphate in the SIRT6 KO mice. These metab-
olite pathways parallel the altered SREBP transcriptional
response and indicate that SIRT6 is required for proper circadian
regulation of fatty acid synthesis, storage, breakdown, and
signaling.
DISCUSSION
Circadian control of metabolism is thought to be critical for
organismal homeostasis (Feng and Lazar, 2012; Sahar and Sas-
sone-Corsi, 2012), and the identification of themolecular players
implicated in this control is likely to reveal novel pharmacological
strategies. Specifically, SIRT6 regulates hepatic circadian tran-
scription consequently linked to downstreammodulation of fatty
acid metabolism (Figure 7). SIRT6 interacts with core clock pro-(D) Gene expression as determined by real-time PCR of Srebp-1c, Fasn, Dbp, an
was normalized relative to 18S rRNA expression.
(E) Luciferase assays in JEG3 and HEK293 cells using two different Fasn lucifera
SIRT1 (50 ng). Left panel displays data using the Fasn-Luc 1594/+65 reporter, w
panel shows luciferase activity using the Fas-Luc65 MT reporter. Error bars indi
Student’s t test, and *, **, and *** indicate p value cutoffs of 0.05, 0.01, and 0.001, r
listed in Tables S2 and S3.
668 Cell 158, 659–672, July 31, 2014 ª2014 Elsevier Inc.teins and controls circadian chromatin recruitment of BMAL1 to
target promoters. Importantly, SIRT6 also controls SREBP-1
recruitment to target promoters, such as Fasn, and helps main-
tain proper cyclic transcription. In fact, circadian metabolomics
analyses reveal that SIRT6 controls lipid metabolism, contrib-
uting to the regulation of pathways involved in fatty acid synthe-
sis and beta oxidation, triglyceride storage, signaling, and
cellular membrane lipids.
One conclusion of this study is that two sirtuins, SIRT6 and
SIRT1, control distinct subdomains of the circadian genome
through different mechanisms. SIRT6 has been reported to
reside at transcriptionally active loci (Ram et al., 2011), and its
chromatin association is dynamic in response to stimuli so as
to activate specific biological classes of genes (Kawahara
et al., 2011). It is tempting to speculate that SIRT6 operates
as a transcriptional ‘‘marker,’’ and given its HDAC function, it
may have multiple roles in dictating the boundaries of transcrip-
tion. As supporting evidence of this notion, we show that SIRT6
contributes to chromatin recruitment of both the circadian ma-
chinery, as well as SREBP-1. There is no evidence that SIRT1
functions in the same manner. Indeed, SIRT1 is not implicated
in chromatin recruitment of the clock machinery (Figures 3,
S5, and S6; Bellet et al., 2013). SIRT1 appears to modulate
circadian transcription purely as a deacetylase by targeting
both histone proteins and nonhistone proteins such as BMAL1
and PER2 (Asher et al., 2008; Nakahata et al., 2008). Intrigu-
ingly, free fatty acids (FFAs) are potent endogenous activators
of SIRT6 HDAC activity, but not SIRT1 (Feldman et al., 2013).
Thus, endogenous fatty acids could play a role in activating or
sensitizing SIRT6, a notion that is particularly appealing, as
our metabolomics data reveal that fatty acids peak in abun-
dance at the beginning of the light phase (after feeding), which
also coincides with peaks in BMAL1 and SREBP1 recruitment to
chromatin (Figure 7). In keeping with this idea, the beginning of
the light phase must therefore provide a permissive chromatin
state, as recruitment of SIRT6-dependent transcription factors
occurs primarily at ZT 4 and ZT 8 and in the case of SREBP-1
in advance of the peak in gene expression (Figures 3 and 5).
Indeed, it has been proposed that an activated state of the
circadian landscape exists between ZT 4 and ZT 12, when
CLOCK:BMAL1 recruitment occurs and this active state is in
advance of nascent transcription (Koike et al., 2012). In virtue
of its tight chromatin association, SIRT6 could thereby operate
by sensing changing cellular metabolite levels (NAD+ or fatty
acids) and translate this information to control circadian tran-
scription. In this respect, SIRT6 would be unique among sirtuins
because SIRT1 (Asher et al., 2008; Chang and Guarente, 2013;
Nakahata et al., 2008) and SIRT3 (Peek et al., 2013) appear to
be implicated in circadian regulation uniquely through their
enzymatic function.d Rev-Erba at ZT4 and ZT16 in WT and SREBP-1c KO livers. Gene expression
se reporters ectopically expressed with SREBP-1c (50 ng), SIRT6 (2–50 ng) or
hich contains the SRE binding site for SREBP1c-mediated transcription. Right
cate SEM. For real-time PCR and ChIP data, significance was calculated using
espectively. Primer sequences used for gene expression and ChIP analysis are
Figure 6. The SIRT6 and SIRT1 Circadian Metabolomes
(A and B) Heat maps displaying oscillating metabolites as determined by JTK_cycle (p value < 0.05) for SIRT6 (A) and SIRT1 (B) metabolomes. Left panels display
circadian metabolites exclusively in WT liver, and right panels show metabolites with more robust oscillation when the sirtuin is disrupted. Tables and pie charts
indicate number of significant metabolites using ANOVA and JTK_cycle at p value < 0.05 for time point and genotype.
(C) Biological classification of significant circadian metabolites for SIRT6 and SIRT1. Metabolites were grouped into six biological classifications indicated, and
total numbers of significant metabolites in SIRT KOs were normalized to WT livers.
(D) Fatty acid metabolic pathways are outlined, and significantly disrupted genes or metabolites for SIRT6 are shown. Genes are indicated in black, and
metabolites are indicated in red font.Aside from transcriptional/translational regulation of the clock,
enzymatic activity of a number of factors influences circadian
rhythms and could also contribute to SIRT6 function. SIRT6was recently reported to directly regulate SREBP cleavage to
its mature protein form as a result of SIRT6 localization to the
promoters of genes such as SREBP cleavage-activating proteinCell 158, 659–672, July 31, 2014 ª2014 Elsevier Inc. 669
Figure 7. SIRT6 versus SIRT1-Dependent Circadian Functions
Scheme representing diverging functions of SIRT6 and SIRT1 in controlling
circadian gene expression and metabolism. Different control mechanisms
result in a SIRT6- and SIRT1-specific partitioning of the circadian genome that
is paralleled by differential metabolic phenotypes.(SCAP) and site-1/2 proteases (S1P and S2P), which are
involved in SREBP proteolytic cleavage and transport from
the endoplasmic reticulum (ER)/Golgi apparatus (Elhanati et al.,
2013). In addition to the circadian regulation of the SREBP
lipogenic transcriptional program (LeMartelot et al., 2009), enzy-
matic regulation at the ER has been described whereby a sec-
ondary 12 hr rhythm in the unfolded protein response (UPR)
pathway activates SREBP signaling and deregulates lipid meta-
bolism (Cretenet et al., 2010). Though we are looking at 24 hr
rhythms, these results highlight a possible connection that could
further link SIRT6, SREBP, and ER-dependent enzymatic path-
ways that, in time, may contribute to the transcriptional role of
SIRT6 and the clock described here.
Various mouse models have delineated the role of SREBP
transcription factors in the lipogenic program (Horton et al.,
2003; Seo et al., 2009, 2011). SREBP-1a and SREBP-1c (the
form dominantly expressed in liver) activate both genes involved
in fatty acid synthesis and the subsequent incorporation into
triglycerides for storage and inclusion into cellular membranes.
SREBP-2 is primarily implicated in cholesterol biosynthesis.
Based on the results obtained by metabolomics analysis, our
data indicate a disruption in fatty acid synthesis, breakdown,670 Cell 158, 659–672, July 31, 2014 ª2014 Elsevier Inc.incorporation into membrane lipids, and storage with little
disruption in cholesterol related pathways. Although we do not
exclude the role of other factors such as hepatocyte nuclear fac-
tor 4 (HNF-4), liver X receptor (LXR), and peroxisome proliferator-
activated receptors (PPARs), our results (Figures 5 and 6) point to
SREBP-1c as a dominant player implicated in SIRT6 circadian
regulation of fatty acid metabolism. Intriguingly, Kanfi et al.
(2010) reported that, when transgenic mice overexpressing
SIRT6 were challenged with a high-fat diet (HFD), these mice
were protected from diet-induced obesity due to SIRT6 repres-
sion of PPARg-target genes. In this respect, recent results from
our laboratory have shown that HFD regimen inmice reprograms
the hepatic circadian transcriptome by inducing de novo oscilla-
tions of PPARg-dependent genes (Eckel-Mahan et al., 2013).
Given the seemingly ubiquitous localization of SIRT6 at transcrip-
tionally active genomic loci (Kawahara et al., 2011; Ram et al.,
2011) and its role as a regulator of circadian transcription and
SREBP signaling, SIRT6 could also be implicated in diet-induced
metabolic regulation of SREBP, PPARs, or other factors. The
remarkable role of SIRT6 in regulating the circadian transcrip-
tome and defining a landscape for biologically relevant genomic
loci places this epigenetic regulator in a central position to control
the extensive circadian lipid metabolic program in the liver.
EXPERIMENTAL PROCEDURES
Animal Housing and Experimental Design
Liver-specific SIRT6 KO mice (Kim et al., 2010) and liver-specific SIRT1 KO
mice (Nakahata et al., 2008) were previously described. All experiments
were performed in accordance to the Institutional Animal Care and Use Com-
mittee (IACUC) guidelines at UCI. Animals were housed in a 12 hr light/dark
paradigm and fed ad libitum.
DNA Microarray Analysis
Microarray analysis was performed at the UCI Genomics High-Throughput
Facility. For detailed methodology, refer to the Extended Experimental
Procedures.
Biological Pathway Analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID)
(Huang da et al., 2009a, 2009b) was used to identify GO terms related to bio-
logical process and molecular function related to our gene lists of interest.
Gene Expression Analysis
Equal amounts of total RNA were reverse transcribed to cDNA using iScript
cDNA synthesis kit (Bio-Rad Laboratories, Hercules), according to manufac-
turer’s protocol. cDNA was used for quantitative real-time PCR using iQ
SYBR green supermix (Bio-Rad Laboratories). Gene expression was normal-
ized to 18S ribosomal RNA. Primers sequences used for gene expression anal-
ysis were designed with Primer3 software (Rozen and Skaletsky, 2000) and are
listed in Table S2.
Chromatin Immunoprecipitation
Liver samples were quickly minced in PBS containing 1 mM MgCl2 and
protease inhibitor cocktail (Roche Applied Science, Indianapolis). Livers were
homogenized and crosslinked with 2 mM disuccinimidyl glutarate (DSG) for
30 min at room temperature followed by a secondary crosslink step using
1% formaldehyde for 15min. Crosslinking was quenchedwith 0.125Mglycine.
For detailed methodology, refer to the Extended Experimental Procedures.
Western Blot Analysis
Livers were homogenized in RIPA lysis buffer containing protease inhibitor
cocktail, NaF, and PMSF, sonicated briefly, and rocked to lyse cells at 4C.
Transfected cells were harvested in RIPA and similarly rocked to lyse cells. 35–
50 mg of protein lysate was resolved on 10% SDS-PAGE. Antibodies used for
western blots or IP include: SIRT6 and TBP (Abcam), AcBMAL1, SIRT1, and
Myc (Millipore), Flag (Sigma-Aldrich), and SREBP-1 (Santa Cruz and kind gift
from Dr. Timothy Osborne).
Plasmids and Luciferase Reporter Assays
JEG3 cells were transfected with 50–100 ng myc-BMAL1, myc-CLOCK (plas-
mids previously described [Katada and Sassone-Corsi, 2010]), Flag-SREBP1c
(generous gift from Dr. Timothy Osborne), or Flag-SIRT6 (kind gift from
Dr. Katrin Chua) in 24-well plate format. LacZ was also ectopically expressed
with either Dbp-Luc (Kiyohara et al., 2008), Fasn-Luc 1594/+65, or Fasn-Luc
65 MT (Bennett et al., 1995; Joseph et al., 2002). For detailed methodology,
refer to the Extended Experimental Procedures.
Mass Spectrometry for Metabolomics Analysis
Metabolomics analysis was carried out by Metabolon (Durham) using pub-
lished methodology (Evans et al., 2009). For detailed methodology, refer to
the Extended Experimental Procedures.
Statistical Analysis and MotifMap
For analysis of rhythmic genes and metabolites, the nonparametric test
JTK_CYCLE was used incorporating a window of 20–28 hr for the determina-
tion of circadian periodicity (Hughes et al., 2010), including amplitude and
phase analysis. A gene was considered circadian if at least one of its tran-
scripts passed a p value cutoff of 0.01, whereas metabolites were considered
circadian at a p value cutoff of 0.05. MotifMap (Daily et al., 2011; Xie et al.,
2009) was used to determine enriched transcription factor binding sites in
the microarray data sets using a false discovery rate (FDR) of 0.1 and a
BBLS cutoff of 0.25 and searching within 1 kb of the TSS.
ACCESSION NUMBERS
The GEO accession number for the microarray data set is GSE57830.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, eight
figures, and three tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2014.06.050.
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